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Routing and guiding acoustic waves around sharp corners without backscattering losses is of great
interest in the acoustics community. Sonic crystals are primarily utilized to design backscattering-immune
waveguides. While conventional approaches use defects to guide waves, a considerably more sophisticated
and robust approach was recently developed based on topological edge states. Here, we propose a radically
different theoretical framework based on extremely anisotropic media for engineering backscattering-
immune waveguides. We theoretically derive the exact condition for one-way wave propagation in zigzag
paths. While the theoretical underpinning is universal and applicable to acoustic and electromagnetic
waves, the experimental validation is conducted using spoof surface acoustic waves. The proposed meta-
material opens up possibilities for wave manipulation and leads to applications in on-chip devices and
noise control.
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I. INTRODUCTION

Routing and guiding acoustic waves without energy loss
is a central topic in both fundamental and applied research
of wave manipulation [1–9]. To achieve highly efficient
routing of acoustic waves around sharp corners, the issue
of acoustic energy loss due to intrinsic backscattering at
the interface must be addressed. Utilizing linear defects
in sonic crystals (SCs) to guide acoustic waves around
sharp corners was first proposed by Torres et al. [10].
This design was later optimized by Khelif et al. [1] to
obtain full-transmission guided waves by harnessing line
defects. Alternatively, acoustic metamaterials (AMMs)
can give rise to robust wave guiding by leveraging trans-
formation acoustics or near-zero density [8,9]. However,
these methods are generally limited to a very narrow oper-
ating bandwidth or certain bending angles (usually 90°
for defect-based methods). Recently, the field of robust
acoustic wave guiding has enjoyed a strong revival, pro-
pelled mainly by the advent of nontrivial topological
edge states discovered in SCs. A flurry of activity is
devoted to engineering topologically protected waveguides
for backscattering-immune one-way acoustic propagation
[11–22]. However, these waveguides are poorly coupled
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to the background media and SCs are wavelength-scaled
structures that can become extremely bulky at low fre-
quencies. The foregoing limitations underscore the impor-
tance of identifying alternative strategies for robust wave
guiding. Additionally, while a majority of previous stud-
ies have focused on bulk acoustic waves, the present
study addresses another important form of acoustic waves,
i.e., spoof surface acoustic waves (SSAWs), although the
theory outlined herein is generic to acoustic and even elec-
tromagnetic waves. This paper provides a rigorous anal-
ysis and demonstration using extremely anisotropic (EA)
AMMs for backscattering-immune one-way propagation
of SSAWs.

AMMs are rationally designed materials composed of
periodic subwavelength unit cells that can be used to
manipulate sound waves in unprecedented ways [23–38].
Many promising applications, such as subwavelength
imaging [33,34] and acoustic cloaking [35], have been
demonstrated. EA AMMs with large values of positive
mass densities have been studied in recent years [36–38],
and they are best known for their flat equal-frequency
contours (EFCs). On the other hand, SSAWs, hosted by
various artificial structures, such as one-dimensional (1D)
corrugated rigid interfaces [39–43] and two-dimensional
(2D) corrugated surfaces or SCs [44–50], have gained
attention in the acoustics community. Compared with con-
ventional surface acoustic waves, which stem from the
coupling between longitudinal and transverse waves in
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solids, SSAWs are guided along the interface between the
background fluid medium (e.g., air) and a corrugated per-
fect rigid body (PRB), and this contributes to their unique
applications in lab-on-a-chip devices, energy trapping, and
sound focusing. An additional benefit of SSAWs is that
they provide a fertile ground for investigating a myriad
of wave phenomena, since they hold a crucial advantage
over bulk acoustic waves: the entire SSAW wave field can
be “noninvasively” measured at a plane slightly above the
PRB surface; thus, providing a full metamaterial-acoustic
interaction map.

Here, we first examine a unique class of 2D extremely
anisotropic medium (EAM) for guiding bulk acoustic
waves. Homogenization theory is employed to analyze
the acoustic characteristics derived from the strong den-
sity anisotropy. Several interesting features of these 2D
EAMs are discovered through theoretical and numerical
investigations. For instance, we find that the propagation
route in this type of 2D EAM is independent of the angle
of incidence. Meanwhile, these media can be efficiently
coupled with the background media under a wide range
of incident angles, beam widths, and source locations.
More importantly, the exact condition for backscattering-
immune propagation in a zigzag path with sharp corners is
rigorously established. The generality of the theory further
enables us to implement the concept on a small-sized EA
AMM for SSAWs, where the entire wave field of interest
is experimentally “mapped” and compared with theory and
simulation. All results unambiguously demonstrate robust
wave guiding around sharp corners.

II. THEORETICAL ANALYSIS

In Fig. 1(a), we define (Xi, Yi) (i = 1, 2, . . . N ) and
(x, y) as the local and global coordinate systems. The 2D
EAM in local coordinate systems possesses diagonalizable
anisotropic mass densities (ρX , ρY), and the bulk modulus,
B, is assumed to be scalar. These parameters can be rewrit-
ten in the global coordinate system and the corresponding
inverse mass density tensors and bulk modulus Bi in region
i can be written as [51]
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FIG. 1. (a) Schematic of the 2D EAM, consisting of different
domains under different local coordinate systems. The interfaces
between adjacent domains are located at x = xi (i = 1, 2, . . . ,
N−1). (b) Simulated transmissivity, T, of the 2D EAMs with
N = 1 (red diamonds), N = 2 (blue triangles), and N = 3 (pur-
ple circles), and theoretical results calculated by the transfer
matrix method. Here, �x = xN –x0 = 600 mm, ρX = 1.25ρ0 and
B = 1.25B0. |αi| = 45° and the operation frequency is 5000 Hz.
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Here, αi are the rotation angles of the local coordinate
system relative to the global coordinate system [marked
in Fig. 1(a)]. It is shown in Sec. II that these angles must
be identical in magnitude to ensure backscattering-immune
sound propagation. Here, we define that, when the coor-
dinate system (Xi, Yi) rotates anticlockwise in the xoy
plane, the angle of rotation, αi, is positive; otherwise it is
negative. The dispersion relation in the 2D EAM can be
obtained as (Appendix A)

(k±
i )
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+ 2k±
i ky

ρ i
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ρ i
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B
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where k±
i = ± nik − miky are the forward and backward

wave numbers withni =
√
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mi = ρ i

xx/ρ
i
xy ; k is the wave number of the background,

and ky is the component of k in the y direction. The
group velocity, �vi

g , can be subsequently derived. When the
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medium satisfies the condition of the 2D EAM (ρX is of a
finite value and ρY → ∞), we have (Appendix A)

�vi
g =

√
B
ρX

(
cos αi
sin αi

)
. (7)

It is evident that the direction of group velocity depends
only on the angles of rotation, αi, and is insensitive to
the incidence angle, ϕ. Notably, the group velocity �vg ≡
∇�kω(�k) specifies the direction of energy flow and is not
necessarily parallel to the wave vector �k (or the phase
velocity) of the 2D EAM [52]. Therefore, the direction
of the energy flow can be predetermined by assigning the
desired αi.

Furthermore, the reflection coefficient, rii′ , and transmis-
sion coefficient, tii′ , from region i to i′ (i = i′ ± 1) can be
shown to satisfy (Appendix B)

|rii′ | =
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xx
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xx

∣∣∣∣ .

(8)

Equation (8) is instrumental because it describes the trans-
mission efficiency around sharp corners for the 2D EAM,
which is governed by the angle of rotation, αi (ρ i

xx contains
αi). On the basis Eq. (8), total transmission can be obtained
by letting |αi| = |αi′ | (see Appendix B), giving rise to
zero reflection. That is, for a zigzag path with αi = −αi′ ,
backscattering-immune transmission in this 2D EAM can
be attained. This is not a severe limitation though, since, in
theory, any bending angle can be divided into two identical
angles (see Appendix G). Figures 2(a)–2(c) illustrate the
simulated pressure magnitude field under different angles
of incidence at 5000 Hz with N = 1, 2, and 3. Here, we
set |αi| = 45°, �x = xN –x0 = 600 mm, ρX = 1.25ρ0, and
B = 1.25B0 (ρ0 = 1.2 kg/m3 and B0 = 1.4 × 105 Pa; these
are the mass density and bulk modulus of air, respec-
tively). The simulations are carried out by COMSOL Multi-
physics. The magnitudes of acoustic pressure in 2D EAMs
with |αi| = |αi′ | are virtually identical; thus, demonstrat-
ing backscattering-immune sound propagation in the 2D
EAM under a wide range of incident angles. The white
arrows indicate the direction of energy flow, which is dic-
tated only by the angle of rotation, as predicted by theory.
Diffraction is strongly suppressed in the metamaterial, as
expected, due to the flat EFC derived from the strong den-
sity anisotropy [36]. Notably, the acoustic fields shown
in left and center of Fig. 2(a) mimic the characteristic of
negative refraction, which can be otherwise achieved by
double-negative metamaterials [26], hyperbolic metama-
terials [33], parity-time symmetric metasurfaces [53], or
Weyl phononic crystals [54]. On the other hand, simula-
tion results with N = 2, α1 = 45°, and α2 = 0° are given in

(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 2. (a)–(c) The normalized magnitude of the simulated
pressure field for the 2D EAM with (a) N = 1; (b) N = 2, and
(c) N = 3 under −60° (left), −30° (center), and 0° (right) inci-
dence at 5000 Hz, and |αi| = 45°. (d) The normalized magnitude
of the simulated pressure field for the 2D EAM with α1 = 45°,
α2 = 0° and the same change of incident angles. Other param-
eters are �x = xN –x0 = 600 mm, ρX = 1.25ρ0, and B = 1.25B0.
(e)–(h) The real part of the pressure fields in (a)–(d).

Fig. 2(d) for comparison. As expected, energy loss due to
backscattering can be seen in this case.

In addition, from the dispersion relation [Eq. (6)], we
can obtain the wave numbers in the x direction for the for-
ward and backward waves, i.e., k±

i = ± nik − miky , which
suggests that the phase velocities in regions i and i′ are dif-
ferent, with αi =−αi′ and ϕ 	= 0. However, for the normal
incidence case (ϕ = 0), we have k±

i = ± nik, and there-
fore, wave vectors (or phase velocities) with αi =−αi′
in regions i and i′ are identical. To demonstrate this,
Figs. 2(e)–2(h) give the real part of the pressure field
shown in Figs. 2(a)–2(d). The phase velocities in neighbor-
ing regions are visually different for the oblique incidence
case and are identical for the normal incidence, which con-
firms the theoretical prediction. It is important to point out
that the zigzag one-way propagation of sound in this 2D
EAM is independent of the location of where the wave
impinges upon, since the 2D EAM is a homogeneous
medium. On the contrary, the edge state in acoustic topo-
logical insulators and valley Hall SCs must be excited by
a wave reaching the entrance of the waveguide created by
the interface between two topologically distinct SCs. One
implication of this is that a wide beam impinging upon a
topologically protected waveguide will be largely reflected
due to impedance mismatch.
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(a) (b)

(c) (d)

FIG. 3. (a) Schematic of the
extremely anisotropic structure
for manipulating SSAWs. The
structure has heights of h1 and h2
along the two directions of the
parallelogram sample (PS). ht is
the total height of the structure
plus the substrate. The widths of
the two grooves are a1 = 0.8d1
and a2 = 0.8d2, where d1 and d2
are the lattice constants of the
unit cell. Inset is an overhead
view of part of the structure,
which is marked in yellow in
(a). θ is the included angle of
the two lattice vectors. The first
Brillouin zone (FBZ) is depicted
by the black dotted line. The
unit cell is outlined by the red
dashed line. (b) Schematic of the
three-layer continuous acoustic
medium in the local coordinate
system. Simulated normalized
pressure magnitude field of (c) the
PS and (d) the three-layer con-
tinuous medium with |αi| = 45°
and N = 1, 2 under −30° (left)
and 0° (right) incidence at
6000 Hz, which is 0.5 mm
above the upper surface of the
sample. Here, d1 = d2 = 10 mm,
a1 = a2 = 8 mm, h1 = 10 mm,
and h2 = 16 mm. Insets of (c),(d)
are the corresponding pressure
magnitude in the cut-plane per-
pendicular to the xoy plane, with
the intersecting line marked by
the black dotted line in (c),(d).

Next, we investigate the coupling between the back-
ground medium and the 2D EAM shown in Fig. 1(a). The
intensity reflectivity, R, and transmissivity, T, at the inter-
face between air and the 2D EAM can be calculated by a
transfer matrix method as follows (Appendix C):

R =
(
ξ − 1

ξ

)2
sin2(n1k�x)

(
ξ + 1

ξ

)2
sin2(n1k�x) + 4 cos2(n1k�x)

,

T = 4(
ξ + 1

ξ

)2
sin2(n1k�x) + 4 cos2(n1k�x)

, (9)

where ξ = cos ϕρ1
xx/n1ρ0 and �x = xN –x0. The reflectiv-

ity, R, and transmissivity, T, are independent of N. Figure
1(b) gives the simulated transmissivity of 2D EAM for
N = 1, 2, and 3, which are in accordance with the theo-
retical analysis using Eq. (9). Here, all other parameters

are the same as those given above. This suggests, once
again, that the sharp corners of a judiciously designed path
have virtually no influence on the sound reflectivity and
transmissivity. Figure 1(b) also reveals that the 2D EAM
can be excellently impedance-matched to the background
medium for a wide range of angles of incidence (roughly
−70° ≤ ϕ ≤ 70°), and the perfect transmission occurs at an
incident angle of |ϕ| = arccos(n1ρ0/ρ

1
xx) ≈ 50.76◦, which

is derived from Eq. (9). This is in stark contrast with
acoustic topological insulators and valley Hall SCs, both
of which require a specific angle of incidence to achieve
momentum matching and efficient acoustic coupling.

III. EXTREMELY ANISOTROPIC ACOUSTIC
METAMATERIAL DESIGN

Though backscattering-immune sound propagation can
be achieved by the foregoing 2D EAM, challenges in
full acoustic field mapping hinder further experimental
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(a)

(b) (c)

FIG. 4. (a) EFCs in the FBZ
of PSs with α = 45° (left) and
α =−45° (right), respectively.
The frequencies are in kHz. (b)
Photographs of the homogeneous
PS (HPS; left) and spliced PS
(SPS; right). (c) Ratio between
the measured energy at the exit of
the waveguide and the measured
energy at the entrance of the
waveguide for both HPS and SPS.

exploration. Consequently, SSAWs are selected in lieu of
bulk acoustic waves for validating this design concept. As
shown in Fig. 3(a), the proposed EA AMM for manipu-
lating SSAWs can be regarded as two 1D textured PRBs
with different heights and orientations crossing each other.
Figure 3(a), inset, gives the overhead view of part of the
structure, which is marked yellow. The unit cell is outlined
by red dashed lines and the lattice constants are indicated in
the figure. The lattice vector �d2 of the unit cell is along the
y direction, and the included angle between the two lattice
vectors �d1 and �d2 is θ . Here, θ = 90° −α (α is the angle of
rotation) and we will adopt α hereafter. To guide acoustic
waves along sloping paths or zigzag paths, we must have
|α| > 0°. Since the overhead view of the sample manifests
as a parallelogram, it is denoted as a PS.

To better illustrate the backscattering-immune propaga-
tion of SSAWs around sharp corners, we need to determine
the anisotropic mass density tensor of the EA AMM under
the local coordinate system. To this end, the EA AMM is
homogenized as a three-layer continuous acoustic medium,
as shown in Fig. 3(b). The substrate is the PRB, while
layer-I and layer-II have different material parameters, as
follows [36,37]

ρX ,I = ρY,I = ∞, ρZ,I = d1d2

a1a2
ρ0 and BI = d1d2

a1a2
B0,

(10)

ρX ,II = ρZ,II = d2

a2
ρ0, ρY,II = ∞ and BII = d2

a2
B0, (11)

here, the substrate and layer-I play an important role
in confining the direction of SSAWs in the xoy plane.

Layer-II acts as the EAM studied in the Sec. II, rout-
ing sound along predetermined paths. Figures 3(c) and
3(d) compare the pressure magnitude distribution at a cut-
plane 0.5 mm above the PS and the three-layer continuous
medium, with |α| = 45° and N = 1, 2 at 6000 Hz. The
insets of Figs. 3(c) and 3(d) give the normalized pres-
sure magnitude distribution in the cut-plane, which is
perpendicular to the xoy plane, with the intersecting line
marked by the black dotted line in Figs. 3(c) and 3(d);
this demonstrates that guiding waves of the PS and the
three-layer continuous medium are indeed SSAWs, rather
than bulk acoustic waves. The detailed geometric parame-
ters are d1 = d2 = 10 mm, a1 = a2 = 8 mm, h1 = 10 mm,
and h2 = 16 mm. More details regarding the design of
this EA AMM can be found in Appendix D. Excellent
agreement between the two results clearly demonstrates
the incident-angle-independent and backscattering-immune
propagation of SSAWs and hereby confirms our theoretical
predictions.

EFCs can be further utilized to better understand the
characteristics of the proposed SSAW-based PS. Based
on the parameters given above, EFCs with α =±45° in
the FBZ of the PS are numerically calculated by COM-
SOL Multiphysics. Here, the FBZ can be obtained by the
base vectors of a reciprocal lattice in the xoy plane, i.e.,
�β1 = 2π/(d1 sin θ)x̂ and �β2 = 2π/(d2 sin θ)x̂′. x̂ and x̂′
are unit vectors in the �X1 and �X2 directions, which
are perpendicular to �d2 and �d1, respectively [shown in
the inset of Fig. 3(a)]. Thus, the corresponding FBZ of
the PSs with α =±45° is the overlapped area of two
different wave vectors with different ranges and directions,
i.e., β1 ∈ [−√

2π/d1,
√

2π/d1] in the x̂ direction and β2 ∈
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(a)

(b)

(c)

(d)

FIG. 5. (a),(b) Simulated and (c),(d) measured pressure field
distribution for the domain 0.5 mm above the upper surface of
the sample at 6150 Hz (left column) and 6550 Hz (right column).

[−√
2π/d2,

√
2π/d2] in the x̂′ direction, which is outlined

by black dotted lines. In Fig. 4(a), kx0 = √
2π/d1 + π/2d2

and ky0 = π/2d2, which correspond to the maximum val-
ues of wave numbers in the x and y directions, respectively.
The EFCs of the PSs are approximately elliptical at low
frequencies, where the two 1D corrugated structures can
both support propagating SSAWs, but have different group
velocities due to different dispersion relations. As the fre-
quency increases, the EFC transforms from being elliptical
to approximately two flat lines, which is a direct manifesta-
tion of EAMs. In this case, only those SSAWs propagating
in the �d1 direction can be supported, and the direction of
the energy flow is independent of the angle of incidence,
as shown in Figs. 3(c) and 3(d).

IV. EXPERIMENTAL VERIFICATION

Due to the flat EFCs, sound collimation within a wide
variety of paths can be expected by PSs, such as sloping
and zigzag paths. Figure 4(b) shows a HPS with a sloping
path and a SPS with a zigzag path. For the HPS, we set
α = 45°, and in the two lattice vector directions, we have
lH1 = 12d1 and lH2 = 19d2, respectively. The SPS is con-
structed by combining three HPSs with successive angles
of rotation α = 45°, −45°, and 45°. The three HPSs have
the same length, i.e., lS1 = lH1/3 and lS2 = 19d2. These two
samples are made of a photopolymer plate with an array of
periodic parallelogram holes, and the heights of the par-
allelogram hole in the two directions are different. The
detailed experimental setup can be found in Appendix E.

In Fig. 4(a), the flat EFCs at higher frequencies, which
are parallel to �X2, can be observed due to the extreme
anisotropy of the AMM. Figure 5(a) gives the simulated
pressure fields of the HPS at two selected frequencies that
exhibit flat EFCs: 6150 and 6550 Hz. The results clearly
demonstrate sound collimation. The energy is confined in
a waveguide that is roughly 30 mm wide, which is about

(a)

(b)

(c)

(d)

FIG. 6. (a),(b) Simulated and (c),(d) measured pressure field
distributions for the domain 0.5 mm above the upper surface
of the SPS with the source at different positions on the y axis
[50 mm above the center (left column), center (center col-
umn), and 50 mm below the center (right column)] at different
frequencies: (a),(c) 6150 Hz and (b),(d) 6550 Hz.

half of the wavelength at 6150 Hz measured in free air,
i.e., 56 mm. This “subwavelength” feature of the waveg-
uide can be attributed to the fact that the corrugated rigid
surface significantly slows down the speed of sound [48].
Measured results, as shown in Fig. 5(c), are, in principle,
in good agreement. The slight difference is expected to be
caused by sample defects and thermoviscous losses, which
are not considered in the simulation.

Remarkably, collimation in a backscattering-immune
zigzag path can be observed with the SPS, which is illus-
trated in Figs. 5(b) and 5(d), respectively, for simulations
and measurements. Such a phenomenon can be explained
as follows: first, the extreme anisotropy of the textured sur-
face engenders collimation of SSAWs, so that the energy
is strongly confined and travels along the predetermined
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path. Second, the judiciously designed angles of rotation
ensure that backscattering at the corners can be perfectly
suppressed, as predicted by the theory established by this
work. To further prove that there is no backscattering at
the sharp corners, Fig. 4(c) compares the transmitted sound
energy between the HPS (no bending) and SPS (with bend-
ing). Notably, the two waveguides have identical lengths
and virtually the same sound transmission can be seen,
even though the SPS contains sharp corners. Here, the rel-
atively low measured transmittances of the two samples
can be ascribed to thermoviscous losses. One important
observation is that the size of the wave-guiding EA AMM
is very small, relative to the wavelength in free air; for
example, the width of the EA AMM, lH2/lS2, is merely
3.4 wavelengths at 6150 Hz. Additional simulations show
that lS2 can be reduced by more than half (lS2 = 1.6 wave-
lengths) and the resulting EA AMM will still yield excel-
lent performance (Appendix F). Finally, we highlight two
important facts: (1) sloping and zigzag paths with arbitrary
angles are feasible using the current design scheme; some
results are shown in Appendix F to support this point; and
(2) as predicted by theory, this EA AMM can be efficiently
coupled with acoustic sources almost arbitrarily located
along the vertical direction, offering the possibility that the
sound propagation path can be tuned flexibly by adjusting
the source position. Relevant simulation and experimental
results are shown in Fig. 6.

V. CONCLUSION

In summary, we devise and experimentally demon-
strate an alternative class of EA AMM that supports
backscattering-immune wave propagation around sharp
corners. Based on the wave and Helmholtz equation and
homogenization theory, we theoretically derive the exact
conditions for perfect suppression of backscattering in
zigzag paths with sharp corners. Our proposed wave guid-
ing strategy hinges on the use of metamaterials that exhibit
strong anisotropy and is numerically and experimentally
shown to support robust one-way propagation in zigzag
paths. While this study focuses on sawtooth-like zigzag
waveguides, other types of waveguides with sharp cor-
ners can be designed and demonstrated (Appendix G). One
limitation of our design is that the bending angles at the
corners have to be identical. This is, however, only a lim-
itation for the SSAW AMM design and does not apply to
the effective medium and bulk acoustic wave EA AMMs
(Appendix G). Additionally, it must be pointed out that,
unlike acoustic topological insulators, which are robust
against a large class of defects [55], the proposed struc-
ture works only for zigzag waveguides. Finally, the theory
established in this work is generic and can be extended
to electromagnetic waves (Appendix H). Our proposed
method could be useful for many applications, such as

delay line design, noise control, acoustic cloaking, and
on-chip wave manipulation [40–43,45–48].
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APPENDIX A: THE ANALYSIS OF
INCIDENT-ANGLE-INDEPENDENT SLOPING

PATH BY EXTREMELY ANISOTROPIC MEDIA

To investigate the underlying physics of the sloping
path, we give the analysis of 2D EAM first. The config-
uration is shown in Fig. 7(a), which possesses the mass

density tensor
↔
ρ

diag
with nonzero diagonal elements (the

bulk modulus, B, is assumed to be a scalar) as follows:

↔
ρ

diag
=
[
ρX 0
0 ρY

]
, (A1)

where X and Y are the two components in the local coordi-
nate system marked in Fig. 7(a). In the global coordination
system (x, y), the inverse mass density tensors can be
obtained by rotational operators R and they are calculated
to be [51]

↔
ρ

−1
=
[ 1

ρxx
1

ρxy
1

ρyx
1

ρyy

]
, (A2)

with

R =
(

cos α − sin α

sin α cos α

)
, (A3)

and

1
ρxx

= cos2α

ρX
+ sin2 α

ρY
, (A4)

1
ρyy

= cos2α

ρY
+ sin2 α

ρX
, (A5)

1
ρxy

= 1
ρyx

= sin α cos α

(
1
ρX

− 1
ρY

)
. (A6)

Here, we define that, when the coordinate system (X, Y)
rotates anticlockwise, the angle of rotation, α, is positive;
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(a)

(b)

FIG. 7. Schematic of the 2D EAM with (a) sloping path and
(b) zigzag paths. The total reflection coefficient, r, and transmis-
sion coefficient, t, of the sample are calculated by the transfer
matrix method. Each interface located at x = xi (i = 1, 2, . . . ,
N−1) can be treated as a secondary plane source. The angle and
wave number of the obliquely incident plane wave are ϕ and k,
respectively.

otherwise it is negative. For an arbitrary plane wave inci-
dent from air, the pressure field inside and outside the 2D
EAM can be given as

p(x ≤ x0) = p0
f + p0

b = ej ky y+j kxx + rej ky y−j kxx, (A7)

p(x0 < x ≤ xN ) = pf + pb = Fej ky y+j k+x + Bej ky y+j k−x,
(A8)

p(xN ≤ x) = pN+1
f = tej ky y+j kxx, (A9)

with kx = kcosϕ and ky = ksinϕ; F, B, and k± are the coef-
ficients and horizontal wave numbers of the forward- and
backward-traveling waves; r and t are the total reflection
coefficient and transmission coefficient, respectively, at the
interface between air and the 2D EAM. The acoustic pres-
sure field, p, for the 2D EAM satisfies the wave equation

∇[
↔
ρ

−1
∇p] + (c2

0k2/B)p = 0; after inserting the pressure
field distribution, the dispersion relation can be obtained
as

(k±)
2

ρxx
+ 2k±ky

ρxy
+ k2

y

ρyy
− ω2

B
= 0, (A10)

leading to

k± = ±nk − mky , with n ≡
√

ρxxc2
0

B
− ρ2

xx sin2 ϕ

ρX ρY
and

m = ρxx

ρxy
. (A11)

Meanwhile, the relationship between the direction of
energy and phase velocity can be given by the group
velocity �vg ≡ ∇�kω(�k) [52],

�vg = 1√
B[ (k±)

2

ρxx
+ 2k±ky

ρxy
+ k2

y
ρyy

]

(
kx
ρxx

+ ky
ρxy

kx
ρxy

+ ky
ρyy

)
. (A12)

For the case where ρX is of a finite value and ρY → ∞ (or
1/ρY → 0), the group velocity can be simplified as

�vg =
√

B
ρX

(
cos α

sin α

)
. (A13)

It is clear that the direction of energy flow depends only on
the angle of rotation, α, and is independent of the angle of
incidence, ϕ.

APPENDIX B: THE ANALYSIS OF
BACKSCATTERING-IMMUNE ZIGZAG PATHS

BY EXTREMELY ANISOTROPIC MEDIA

In addition to simple sloping paths in the 2D EAM,
zigzag paths are also discussed here. As shown in Fig. 7(b),
the medium with ρYi = ρY and ρXi = ρX (i = 1, 2, . . . ,
N−1) is composed of N parts. The neighboring parts
have different angles of rotation. The inverse mass density
tensors for these regions can be rewritten as

↔
ρ

−1

i =
[ 1

ρi
xx

1
ρi

xy
1

ρi
xy

1
ρi

yy

]
. (B1)

The directions of phase velocities can be obtained by the
wave numbers ky,i = ky and k±

i = ± nik − miky , with ni ≡√
ρ i

xxc2
0/B − (ρ i

xx)
2 sin2 ϕ/ρX ρY and mi ≡ ρ i

xx/ρ
i
xy . The

acoustic pressure field in the regions of 2D EAM can be
replaced by

p(xi−1 < x ≤ xi) = pi
f + pi

b = Fiej ky y+jk+
i x + Biej ky y+jk−

i x.
(B2)
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Based on the relation �v = (1/jw)
↔
ρ

−1
∇p , the acoustic

velocity in the x direction can be obtained as follows:

vxi = 1
j ω

(
1

ρ i
xx

∂p
∂x

+ 1
ρ i

xy

∂p
∂y

)

= 1
ρ i

xx

nik
ω

ej ky y(Fiejk+
i x − Biejk−

i x). (B3)

The relationships of coefficient (Fi and Bi) for the forward-
and backward-traveling waves in the neighboring regions
can be derived by applying the matching boundary condi-
tions for p and vx (vx and p are continuous at the interface
x = xi, i = 1, 2, . . . , N−1). We then have

Fiejk+
i xi + Biejk−

i xi = Fi′e
jk+

i′ xi + Bi′e
jk−

i′ xi , (B4)

1
ρ i

xx

ni

c0
(Fiejk+

i xi − Biejk−
i xi) = 1

ρ i′
xx

ni′

c0
(Fi′e

jk+
i′ xi − Bi′e

jk−
i′ xi).

(B5)

Therefore, the reflection coefficient, rii′ , and transmis-
sion coefficient, tii′ , from region i to i′ (i = i′ ± 1) can be
obtained:

|rii′ | =
∣∣∣∣∣
ni/ρ

i
xx − ni′/ρ i′

xx

ni/ρ i
xx + ni′/ρ i′

xx

∣∣∣∣∣ , |tii′ | =
∣∣∣∣∣

2ni′/ρ i′
xx

ni/ρ i
xx + ni′/ρ i′

xx

∣∣∣∣∣ .

(B6)

To avoid backscattering between the neighboring regions,
we must have ni/ρ

i
xx − ni′ρ i′

xx = 0, which means that
|αi| = |αi′ |. For a zigzag path, we can design the path so
that αi =−αi′ . Here, we note that |αi| = |αi′ | is the exact
solution of rii′= 0, without imposing any restraint on ρY,
which means that this conclusion can be generalized to
the case where ρY is of a finite value. Additionally, the
backscattering-immune zigzag path can be easily shown
to be independent of the angle of incidence.

APPENDIX C: MODELING USING THE
TRANSFER MATRIX METHOD

The pressure reflectivity, R, and transmissivity, T, at
the interface between air and the 2D EAM are analyzed
here. We give an illustration from the view of a multiple-
transmission process, in which each interface of the 2D
EAM can be regarded as a secondary plane source. As
shown in Fig. 7(b), the pressures and normal component
of particle velocities on both sides of the layer are related

via a transfer matrix
↔
M i (i = 1, 2, . . . , N )

[
p(xi)

vx(xi)

]
= ↔

M i

[
p(xi−1)

vx(xi−1)

]
, (C1)

where

↔
M i =

[
cos(nikli)e−j miky li j ρi

xxc0
ni

sin(nikli)e−j miky li

j ni
ρi

xxc0
sin(nikli)e−j miky li cos(nikli)e−j miky li

]
.

(C2)

For 2D EAMs consisting of N layers, the overall transfer
matrix in the forward direction can be written in the form

↔
M = ↔

M N × · · · × ↔
M 3 × ↔

M 2 × ↔
M 1. (C3)

The reflection, r, and transmission, t, coefficients can be
obtained from the elements in

↔
M as

r =
M11 + cos ϕ

ρ0c0
M12 − ρ0c0

cos ϕ
M21 − M22

−M11 + cos ϕ

ρ0c0
M12 + ρ0c0

cos ϕ
M21 − M22

ej 2kxx0 ,

t = 2(M12M21 − M11M22)e−j kxΔx

−M11 + cos ϕ

ρ0c0
M12 + ρ0c0

cos ϕ
M21 − M22

, (C4)

where ρ0 and c0 are the density and speed of sound in air,
respectively; �x = xN − x0 is the total length of sample in
the x direction. We then use the transfer matrix method to
examine the overall pressure reflection and transmission
coefficients:

r =
j
(

cos ϕρ1
xx

n1ρ0
− n1ρ0

cos ϕρ1
xx

)
sin(n1k�x)ej 2kxx0

j
(

cos ϕρ1
xx

n1ρ0
+ n1ρ0

cos ϕρ1
xx

)
sin(n1kΔx) − 2 cos(n1kΔx)

,

t = −2e−j m1ky δxe−j kxΔx

j
(

cos ϕρ1
xx

n1ρ0
+ n1ρ0

cos ϕρ1
xx

)
sin(n1kΔx) − 2 cos(n1kΔx)

,

(C5)

with δx=l1−l2+l3− · · · +(−1)N+1lN for backscattering-
immune zigzag paths and δx =�x for sloping paths. Cor-
respondingly, the intensity reflection coefficient, R = |r|2,
and intensity transmission coefficient, T = |t|2, can be
obtained

R =
(

cos ϕρ1
xx

n1ρ0
− n1ρ0

cos ϕρ1
xx

)2
sin2(n1kΔx)

(
cos ϕρ1

xx
n1ρ0

+ n1ρ0
cos ϕρ1

xx

)2
sin2(n1kΔx) + 4cos2(n1kΔx)

,

T = 4(
cos ϕρ1

xx
n1ρ0

+ n1ρ0
cos ϕρ1

xx

)2
sin2(n1kΔx) + 4cos2(n1kΔx)

.

(C6)

It is easy to find that R and T are independent of N for a
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(a) (b)

FIG. 8. (a) The transmissivity, T, as a function of incident
angle, ϕ, and operating frequency with α = 45°. (b) The trans-
missivity, T, as a function of incident angle, ϕ, and angle of
rotation, α, at 5000 Hz. Other parameters are �x = 600 mm,
ρX = 1.25ρ0, and B = 1.25B0.

given �x, i.e., the total transmissivities are identical for the
2D EAMs with backscattering-immune zigzag paths and
sloping paths, as long as they have the same length in the
x direction. Meanwhile, the transmissivity possesses peri-
odic variation as the operating frequency increases. Figure
8(a) gives the transmissivities versus incident angle, ϕ, and
operating frequency using Eq. (C6), where it is assumed

that �x = xN –x0 = 600 mm, ρX = 1.25ρ0, B = 1.25B0, and
|αi| = 45°. The transmissivity at 5000 Hz as a function of
the incident angle, ϕ, and rotation angle, α, is given in
Fig. 8(b).

APPENDIX D: PROPAGATION FEATURES OF
SPOOF SURFACE ACOUSTIC WAVES

SUPPORTED BY THE HOMOGENEOUS
PARALLELOGRAM SAMPLE

To explore the propagation features of SSAWs of the
EA AMMs, we take the HPS with α = 45° for simple anal-
ysis. As shown in Fig. 3(a), the HPS can be regarded as
two 1D textured PRBs with different heights and orienta-
tions crossing each other. The cutoff frequencies of the two
1D textured PRBs are critical for analyzing the acoustical
properties of this EA AMM, which can be obtained by the
dispersion relation of 1D SSAWs as follows [39]:

√
k2

t,i − k2
o,i/ko,i = ai

di
tan(ko,ihi), i = 1 or 2, (D1)

where kt,i and ko,i are the propagating and operating wave
numbers, respectively. Figure 9(a) gives the dispersion
curves with different geometrical parameters. The corre-
sponding cutoff frequencies can be readily calculated and

(a) (b)

(c) (d)

FIG. 9. (a) Dispersion relations
of the two 1D textured PRB with
different heights (bottom PRB in
red and upper PRB in blue). (b)
EFCs in FBZ of the HPS with
α = 45°. The frequency values are
in kHz. Simulated acoustic pres-
sure field of the HPS at 6550 Hz in
(c) xoy plane (0.5 mm above the
upper surface of the HPS) and (d)
cut-plane, which is perpendicular
to the xoy plane with the inter-
secting line marked by the white
dashed line in (c).
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(a) (b) FIG. 10. The experimental setup for
testing the extremely anisotropic meta-
material for controlling SSAWs with (a)
sloping and (b) backscattering-immune
zigzag paths. The microphone is placed
0.5 mm above the upper surface of sam-
ple.

are f 1 = 6768 Hz and f 2 = 4610 Hz. Theoretically, when
the operating frequency fo satisfies fo < f 2 < f 1, SSAWs
propagate along both directions, and EFCs are approx-
imately elliptical due to the anisotropy of the material.
When the operating frequency fo satisfies f 2 < fo < f 1, only
SSAWs propagating along the �d1 direction can be sup-
ported. Figure 9(b) gives the EFCs in FBZ of the HPS,
which is numerically calculated by COMSOL Multiphysics.
At low frequencies, the elliptical EFCs of the PS demon-
strate the propagating SSAWs in all directions. As the
frequency increases, only SSAWs propagating in the �d1
direction can be excited due to the flat EFCs, and the
direction of the energy flow is independent of the incident
angle.

Sound collimation with a sloping path can be created
by the HPS at frequencies where the flat EFCs are dis-
played. Figure 9(c) gives the simulated acoustic pressure
fields in the xoy plane, which is 0.5 mm above the upper
surface of the HPS, at 6550 Hz. The group velocity vec-
tors are perpendicular to the EFC, which is flat; thus,
the acoustic wave propagates along the �d1 direction in a
self-collimating manner. To verify the characteristics of
SSAWs, Fig. 9(d) gives the simulated acoustic pressure
field at 6550 Hz in the cut-plane, which is perpendicular
to the xoy plane, with the intersecting line marked by the
white dashed line in Fig. 9(c). It is clear that the energy
of sound is confined to the top surface of the HPS, until
reaching the end of the structure.

(a) (b)

FIG. 11. (a) The simulated setup for the EA AMM. (b) The
perspective of part of the sample. PML: perfectly matched layer.

APPENDIX E: EXPERIMENTAL AND
SIMULATION SETUP FOR THE HOMOGENOUS

PARALLELOGRAM SAMPLE AND SPLICED
PARALLELOGRAM SAMPLE

Figure 10 shows the experimental setup for wave guid-
ing with sloping paths by the HPS and backscattering-
immune paths by the SPS, where a speaker with a radius of
r = 5 mm, mimicking a point source, is placed 5 mm away
from the front face of the sample to excite the SSAWs.
Sound-absorbing foams are placed on two sides of the sam-
ple to minimize reflection and sound field interference. The
scan area contains two domains that are 0.5 mm above
the upper surface of the sample: one is the region directly
above the sample and the other one is a rectangular region

(a)

(c) (d)

(b)

FIG. 12. Simulated pressure field distribution for the domain
0.5 mm above the upper surface of the SPS with different
widths in y axis (a),(b) lS2 = 90 mm and (c),(d) lS2 = 190 mm
at different frequencies. (a),(c) 6150 Hz and (b),(d) 6550 Hz.
Other parameters are the same as those in Figs. 3(a) and 4(b)
(d1 = d2 = 10 mm, a1 = a2 = 8 mm, h1 = 10 mm, h2 = 16 mm,
lS1 = 40 mm, and α1 = −α2 =α3 = 45°).
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(a)

(b) (d)

(c)

FIG. 13. Simulated acoustic pressure fields of extremely
anisotropic metamaterials with (a),(c) sloping path and (b),(d)
zigzag path at 6150 Hz for the domain 0.5 mm above the upper
surface of the samples. Here, we set (a),(b) |α| = 30° and (c),(d)
|α| = 60°.

adjacent to the first region with a size of 120 mm · sin θ by
190 mm.

Meanwhile, the design of numerical simulations, which
is based on the finite element method by COMSOL Mul-
tiphysics, is given in Fig. 11(a). Here, a point source is
located 5 mm away from the sample to excite the SSAWs.
The blue regions are PMLs. To show the design of the
sample more clearly, we give the perspective of part of the
sample in Fig. 11(b).

APPENDIX F: WAVE GUIDING WITH A
REDUCED SIZE METAMATERIAL, AND

SLOPING AND BACKSCATTERING-IMMUNE
ZIGZAG PATHS WITH ARBITRARY ANGLES OF

ROTATION

We first show that the SSAW-based EA AMM, even
with a considerably reduced size (lS2 = 1.6 wavelength),

(a) (b)

FIG. 14. (a) The 2D EAM with more general bent paths. Here,
the mass density tensor for the three regions (I, II, and III) are
shown in black letters in the (X, Y) coordinate system. (b) The
corresponding bulk acoustic wave EA AMM design for the more
general bending paths.

can still yield excellent performance. The simulation
results are shown in Fig. 12, where the geometrical param-
eters are the same as those in Fig. 3(a).

To prove that the sloping and backscattering-immune
zigzag paths of SSAWs are feasible for arbitrary angles
of rotation, we give the pressure field distributions for
HPSs and SPSs with |α| = 30° and |α| = 60° (shown
in Fig. 13). The simulation results demonstrate robust
wave guiding around sharp corners. Here, d1 = d2 = 5 mm,
a1 = a2 = 4 mm, h1 = 12 mm, and h2 = 16 mm.

APPENDIX G: DIFFERENT
BACKSCATTERING-IMMUNE WAVEGUIDES

In addition to the sawtooth-like 2D EAM in the main
context of the paper, here we demonstrate that acoustic
waves can also be guided along other types of paths, since
any bending angle, θ , can be divided into two equal angles,
in which different structures are occupied, as shown in
Fig. 14(a). To design the backscattering-immune propaga-
tion at the interface between region I and region II, the y
component of the global coordinate system [shown in blue
in Fig. 14(a)] is parallel to the interface, and the Xi (i = I, II)
components of the local coordinate system [shown in black
in Fig. 14(a)] are in the directions of sound propagation.

The exactly identical mass density tensors
↔
ρ

diag
(ρI

X = ρII
X

(a)

–20°
–40°

(b) (c) FIG. 15. The simulated pressure
magnitude fields for (a) normal,
(b) −20°, and (c) −40° inci-
dence angles. Here, the bending
angle is 60°. White arrows repre-
sent the direction of energy flow.
The results are based on effective
medium simulations.
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(a) (b) (c)

0° –20° –40°

FIG. 16. The simulated pressure
magnitude fields for (a) normal, (b)
−20°, and (c) −40° incidence angles.
Here, the bending angles are 120° and
90°. White arrows represent the direc-
tion of energy flow. The results are
based on effective medium simula-
tions.

and ρI
Y = ρII

Y ) and bulk modulus, B, in the local coordi-
nate systems should be satisfied. Furthermore, the rotation
angles of the two regions in the global coordinate sys-
tems are αI =−π / 2 +φ and αII =π / 2 −φ, respectively,
which ensures backscattering-immune propagation around
a sharp corner. The same operation can be utilized to
design the mass density tensor and bulk modulus in region
III. Figures 15 and 16 give the simulated sound pressure
magnitude distributions for the two bent waveguides using
the effective medium model, which demonstrates excellent
performance in guiding the sound without scattering loss
near the corners.

Meanwhile, simulations based on a type of periodic
layered structure, which can be well described by homog-
enization theory [36], are also carried out to demonstrate
the feasibility of controlling bulk acoustic waves using
real structures. Figure 17(a) shows the simulation model
with the same geometric parameters as those depicted in
Fig. 14(b), where the period of PRB and the air gap are
d = 4 mm and a = 3.2 mm, respectively. The correspond-
ing effective parameters in the local coordinate system can

(a) (b)

(c) (d)

–40°
–20°

FIG. 17. Schematic illustration of an EA AMM with a zigzag
path. Here, the bending angle is 60°. The simulated pressure
fields for (b) normal, (c) −20°, and (d) −40° incidence angles.
White arrows represent the direction of energy flow. The results
are based on real-structure simulations.

be written as [36]

ρX = d
a
ρ0, ρY = ∞, and B = d

a
B0, (G1)

showing the nature of the extreme anisotropy for the pro-
posed metamaterial. Figures 17 and 18 give the pressure
field distributions along the path in Figs. 17(a) and 18(a),
where different bending angles are introduced to illus-
trate the ability of low insertion loss propagation around
corners.

We further consider the SSAW. The geometrical param-
eters of the unit cell are the same as those in Fig. 3(a). The
pressure field distributions at a cut-plane located 0.5 mm
above the sample are shown in Figs. 19 and 20. The
acoustic wave is still strongly localized near the groove
structures, although the thickness is greatly reduced; this
is in good accordance with the aforementioned theoretical
analysis. It should be noted that, for the SSAW design, the
zigzag path must have the same bending angle throughout.
This limitation is only for the SSAW design and is not a

(a)

(c)

(b)

(d)

–20° –40°

FIG. 18. (a) Schematic illustration of an EA AMM with a
zigzag path. Here, the bending angles are 120° and 90°. The
simulated pressure fields for (b) normal, (c) −20°, and (d) −40°
incidence angles. White arrows represent the direction of energy
flow. The results are based on real-structure simulations.
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(a) (b)

FIG. 19. (a) Schematic illustration of the 2D corrugated PRB
with a zigzag path. Here, the bending angle is 90°. (b) The cor-
responding simulated pressure field distribution. The acoustic
source is placed at the left end of the waveguide.

problem for the effective medium and bulk acoustic wave
EA AMM models (as shown in Figs. 16 and 18).

APPENDIX H: BENDING ELECTROMAGNETIC
WAVES AROUND SHARP CORNERS USING

EXTREMELY ANISOTROPIC
ELECTROMAGNETIC METAMATERIALS

To demonstrate backscattering-immune propagation of
waves in extremely anisotropic electromagnetic metama-
terials (EAEWMs), Fig. 21 gives the simulated wave
field in an EAEWM with α1 =−α2 = α3 = 45°, and
α1 = α2 =α3 = 45° at 5 GHz under normal and −45°
incidence angles. Here, the incident waves are transverse
magnetic (TM) waves where �H = (0, 0, 1). The sam-
ple is constructed by the periodic array of a stitching
parallelogram perfect electromagnetic conductor (PEC),
and the corresponding geometrical parameters satisfy
d = 4 mm, a = 3.2 mm, x1 = 200 mm, x2 = 400 mm, and
x3 = 600 mm. Thus, the corresponding effective parame-
ters satisfy [56]

εY = d/a, εX = εZ = ∞, μY = 1, μX = μZ = 1/εY.
(H1)

(a) (b)

FIG. 20. (a) Schematic illustration of the 2D corrugated PRB
with a zigzag path. Here, the bending angle is 60°. (b) The cor-
responding simulated pressure field distribution. The acoustic
source is placed at the left end of the waveguide.

2

11 3

2

3

(a) (b)

(c)

(e)

(d)

FIG. 21. Distribution of field component H z of extremely
anisotropic metamaterial with angles of rotation (a),(b)
α1 =α2 =α3 = 45° and (c),(d) α1 =−α2 = α3 = 45° under
(a),(c) normal and (b),(d) −45° incidence angles. The white
arrows represent the direction of energy flow. (e) 2D configu-
ration of EAEWM with bending path. Here, we set d = 4 mm,
a = 3.2 mm, x1 = 200 mm, x2 = 400 mm, and x3 = 600 mm. The
operating frequency is 5 GHz.

It is easy to find that the direction of energy flow (white
arrows in Fig. 21) depends only on the angle of rotation
and no appreciable scattering is observed, even with the
presence of sharp corners.
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